1. Introduction {#s0005}
===============

SDS is an autosomal recessive disease characterised classically by exocrine pancreatic insufficiency and chronic neutropenia, but considerable phenotypic variation has been described even among siblings. In 90% of cases, SDS is caused by mutations in the Shwachman-Bodian-Diamond syndrome (*SBDS*) gene that produces a protein with critical roles in ribosome biogenesis, mitotic spindle stabilization, and normal chromosomal segregation. While many pathogenic variants in the SBDS gene have been described, no correlation has been found between genotype and phenotype [@bib1]. Three other causal SDS genes, *DNAJC21, EFL1*, and *SRP54* have been reported. These genes have roles in the assembly of ribosomal subunits, the ribosomal subunit maturation, and ribosomal biogenesis respectively [@bib2]. The epidemiology of SDS in Asia is not well studied and we performed a comprehensive review of reported cases to understand the clinical features and genetic variants here. A total of 65 cases have been described, most of which are from Japan. Those with clinical data are summarized in [Table 1](#t0005){ref-type="table"} [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]. Similar to previous reports, clinical manifestations including hematological abnormalities, pancreatic dysfunction, and short stature were common. The reported genetic mutations affecting patients in Asia were similar to their Western counterparts.Table 1Cases of Shwachman-diamond syndrome reported in Asia.Table 1**CountrySexAge at diagnosisPancreatic insufficiencyHematological abnormalitiesSkeletal abnormalitiesHeight (SD)Body weight (SD)*****SBDS*****mutationsStatus at reporting**JapanM3mo+Pancytopenia-− 2.1−1183--184TA\>CT/258+2T\>CNAJapanF8y+Pancytopenia+−2−1.5183--184TA\>CT/258+2T\>CNAJapanF5mo+Pancytopenia--−3−2428C\>G/258+2T\>CNAJapanM1mo+Pancytopenia--−3−1.8183--184TA\>CT/258+2T\>CNAJapanM12y+Thrombocytopenia--−3−1183--184TA\>CT/258+2T\>CNAJapanF5y+Pancytopenia+−2.9−1.4183--184TA\>CT/258+2T\>CNAJapanM2mo+Pancytopenia+−2NA183--184TA\>CT/258+2T\>CNAJapanM8y+Pancytopenia--−2−1.5258+2T\>C/259--1G\>ANAJapanM6mo+Neutropenia--−3.1−2.1183--184TA\>CT/unknownNAJapanM9mo+Pancytopenia--−3.6−3.4183--184TA\>CT/258+2T\>CNAJapanM6mo+AML+−4.8−1.8258+2T\>C/292--295delAAAGAliveJapanM2y+MDS\--\>AML+−2.8−1.8258+2T\>C/unknownDeadJapanM1mo+MDS\--\>AML+−2.3−1.4183--184TA\>CT/258+2T\>CDeadJapanM4y+Pancytopenia+−1.3−1.1183--184TA\>CT/258+2T\>CAliveJapanM2y+----−3.5−1.7183--184TA\>CT/258+2T\>CAliveJapanF8y+Pancytopenia+−3.5−1.3183--184TA\>CT/258+2T\>CAliveJapanM5mo+Pancytopenia--−3−3.5183--184TA\>CT/258+2T\>CAliveJapanF15mo+Neutropenia--−5.2−6.6183--184TA\>CT/258+2T\>CDeadJapanF2y7mo+MDS--−1.2−2.3183--184TA\>CT/258+2T\>CAliveJapanF4mo--Neutropenia+−7.5NA79T\>C / 183TA\> CTAliveKoreaF3y6mo+Neutropenia+\<3%\<3%183--184TA\>CT/258+2T\>CAliveKoreaM13y9mo+Bicytopenia (WBC/PLT)+\<3%\<3%183--184TA\>CT/258+2T\>CAliveKoreaM15y6mo+bicytopenia (WBC/PLT)+3%10%258+2T\>C homozygousAliveIndiaM4y+Pancytopenia--NANA258+2T\>C homozygousDeadChinaM8y+Bicytopenia (WBC/RBC)+\<3%3%183--184TA\>CT/258+2T\>CAliveChinaM1y3mo+Neutropenia+NA\<3%183--184TA\>CT/258+2T\>CAliveChinaF6mo+Pancytopenia+NANA183--184TA\>CT/258+2T\>CAlive[^1]

Individuals with SDS are at increased risk for developing myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML). Our review identified case reports of three patients who presented with MDS or AML without a prior diagnosis of SDS in Asia [@bib9], [@bib14], [@bib15]. Similarly, SDS continues to be underdiagnosed internationally. Lindsley et al. found that 7 of 241 young adults with MDS enrolled in the Center for International Blood and Marrow Transplant Research (CIMBTR) repository had *SBDS* mutations, and 5 of these patients did not have a diagnosis of SDS before transplant [@bib16]. Other studies utilizing gene panel testing to screen for genetic predisposition to AML/MDS in young patients presenting with MDS identified *SBDS* gene mutations in 1 out of 110 patients and 2 out of 197 patients [@bib17], [@bib18]. While underlying SDS is rare in young adults presenting with MDS/AML, the growing use of next-generation sequencing technologies may facilitate identification.

2. Case report {#s0010}
==============

Our patient was a 19 year old male patient who presented with a one-month history of fever, dyspnea, and skin abscesses. His full blood count showed pancytopenia and 14% blasts. Bone marrow aspirate was markedly hypocellular (10% cellularity) with features of dyserythropoiesis and dysmegakaryopoiesis and 3% blasts ([Fig. 1](#f0005){ref-type="fig"}). Flow cytometry detected 2.8% blasts that are CD34+ partial CD117+ and CD33+. Trephine was markedly hypocellular with rare hypolobated megakaryocytes and 8% CD117+ CD34+ myeloblasts. Cytogenetics with bone marrow karyotype showed a complex monosomal karyotype as follows, 42--45,XY,add(5)(q15),add(5)(q31),add(6)(q13), der(8)ins(8;?)(q13;?),del(9)(q21q22), dic(14;22)(p11.2;p12),tas(21;16)(q22.3;p13.3), add(17)(q21),-18,-21,+der(?)t(?;8)(?;q13),+r, +1--2mar\[cp21\]. These findings were compatible with primary hypocellular MDS or IBMFS evolving into MDS.Fig. 1Bone marrow aspirate showed numerous blasts (A) and more than 50% dysplastic erythroid precursors (B). Telomere length measured by q-PCR analysis from DNA extracted from peripheral blood mononuclear cells shows that telomere length was less than first percentile (C).Fig. 1

Physical examination revealed a relatively small head (3rd percentile) but no skin pigmentation, nail, teeth or skeletal abnormalities. On further history, there was no failure to thrive and intellectual development was normal. There was no history of steatorrhea or recurrent infections. His only hospitalization was for exacerbation of asthma when he was 7 years old. At that time, full blood count showed anemia and thrombocytopenia but he did not return to a hematology clinic for review. His parents are not consanguineous, and family history was significant for severe aplastic anemia diagnosed in his younger sibling at the age of 16 years old. Bone marrow studies of his brother showed a markedly hypocellular aspirate with trilineage hematopoiesis and normal karyotype on cytogenetics. Chromosomal breakage analysis after incubation of peripheral blood lymphocytes with diepoxybutane (DEB) was negative. Family declined further testing. There was no other family history of hematological conditions.

Patient\'s subsequent workup for IBMFS revealed that peripheral blood mononuclear cell telomere length measured by quantitative (q-PCR) was less than first percentile compared with normal individuals of the same decade of age. In view of the very short lymphocyte telomeres without clinical phenotype of DC, skin biopsies and blood samples were sent for phenotype-driven targeted exome testing. Results showed biallelic compound heterozygous pathogenic mutations in the *SBDS* gene, namely c.258 +2T\> C (IVS2+2T) and c.183_184delTAinsCT (p. K62X), in both blood and skin samples, confirming a diagnosis of SDS. In addition, two mosaic pathogenic variants in *TP53* gene were identified in patient\'s blood sample but were absent in skin biopsies, indicating that these two *TP53* variants were somatic mutations. Our patient was started on Azacitidine while an unrelated donor search was carried out. Unfortunately, he passed away due to neutropenic sepsis. Genetic testing for his sibling confirmed the same compound heterozygous mutations in *SBDS* gene who is currently under clinical surveillance with serial bone marrow examination.

3. Discussion {#s0015}
=============

Our review of reported cases of SDS in Asia found that the pathogenic variants in *SBDS* in Asians are similar to that reported in Caucasians. The majority of mutations are caused by gene conversion between SBDS and its unprocessed pseudogene *SBDSP1* that contains deletions and nucleotide changes that disrupt coding potential. Our patient is the first molecularly diagnosed case of SDS in Singapore, and harbors the common mutations. Important learning points can be gleaned from this case, as detailed below.

Firstly, SDS likely continues to be underdiagnosed in Asia, because of diverse phenotype, lack of awareness of the condition, and perceived lack of access to gene testing. Although patients with SDS present with cytopenia and classical physical features in early life, adults present subtly because pancreatic function improves with age and neutropenia fluctuates. Similarly, other inherited bone marrow failure syndromes may have a non-specific phenotype and it is critical for hematologists to have a high index of suspicion and understand how to screen for IBMFS given the impact on clinical management. Accurate diagnosis of underlying IBFMS affects therapy for MDS, donor choice and conditioning regimen for transplant, cancer surveillance, and genetic counselling. Clinical findings that should prompt referral and gene testing include early-onset MDS, classical clinical stigmata (e.g. café-au-lait spots), short stature or dysmorphic features, family/personal history of cancer or excess toxicity with chemotherapy, cytopenias with a hypocellular marrow, bone marrow karyotype showing classic cytogenetic or molecular abnormalities, and the presence of short telomeres.

Telomere lengths can be short in bone marrow failure syndromes other than DC, and our case highlights the importance of confirming the genetic diagnosis by identifying the disease causing mutation. Short telomeres, especially in the granulocytes, have been reported in patients with SDS, Diamond-Blackfan anemia, and Fanconi Anemia previously, but telomere lengths are not as short as in DC, where it is consistently below the first percentile compared to age-matched normal controls [@bib19]. The interpretation of the clinical significance of telomere length needs to be considered in the context of concomitant hematological malignancies and also the assay used to measure telomere length. Two common techniques for measuring telomere length are q-PCR and fluorescence in situ hybridization coupled with flow cytometry (flow-FISH). Q-PCR uses total mononuclear cells and provides an average telomere length while FLOW-FISH uses specific lymphocyte subsets to detect individual chromosome lengths. Differing proportions of leucocyte subtypes within each sample could explain the limited sensitivity of qPCR compared to flow-FISH to diagnose DC [@bib20]. The mean peripheral blood leucocyte telomere length by qPCR was shorter among MDS cases, and also shorter in blasts or cases post chemotherapy and should be interpreted with caution [@bib21].

Malignant progression to MDS/AML is associated with very poor outcomes in SDS patients, and further research into better markers for risk stratification are needed to identify patients who may benefit from preemptive transplant. While clonal marrow cytogenetic abnormalities are commonly found in SDS, specific correlation with malignant transformation is lacking. In particular, the commonly found cytogenetic abnormalities in SDS \[i(7q) and del(20q)\] have not been associated with progression to MDS/AML [@bib22]. On the other hand, recent evidence points towards the acquisition of *TP53* mutation as an early initiating event in leukemic transformation [@bib23]. Previous reports have shown that *p53* expression is increased in cells with deficient SBDS protein, which likely occurs as a cellular reaction to significant DNA damage, leading to increased apoptosis [@bib24]. Stem cells with *TP53* mutations preferentially expand and accumulate more chromosomal aberrations and aneuploidy/polypoidy events in the setting of mitotic spindle dysfunction due to SBDS protein deficiency [@bib25]. This promotes genomic instability and may explain the complex karyotype found in patients with MDS/AML arising from SDS. Further support for the role of somatic TP53 mutations comes from the CIBMTR repository study showing that all of the MDS cases in SDS patients carried *TP53* mutations [@bib16]. Other drivers likely synergise to promote the initiation and propagation of malignant clones, since *TP53* mutations were found in the majority (80%) of patients who were 10 years or older [@bib19], while the cumulative risk of MDS or AML was estimated to be much lower (19% at 20 years and 36% at 30 years). These drivers, if identified, may allow us to derive better predictors of malignant transformation and inform timing for transplant.

4. Conclusion {#s0020}
=============

SDS remains underdiagnosed in Asia, and specialized clinics for hereditary hematologic malignancies should be initiated to guide genetic testing and support management and surveillance of carriers. Enrollment of affected individuals with SDS into international registry studies is encouraged whenever possible so that prospective data can be generated to optimize management.
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[^1]: Abbreviations: M, male; F, female; y, year; mo, month; WBC, white blood cell; RBC, red blood cell; +, present; -, absent; NA, not available; SD, standard deviation; *SBDS*, Shwachman-Biodan-Diamond syndrome; MDS, myelodysplastic syndrome; AML, acute myeloid leukemia.
